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ABSTRACT

Dualfrequency VEBA observations of the 1111(¢ "1¢11s or NG C4261(3C270)
reveal highly symmetric radio structures at both 1.6 and 8.4 G H v, Anialysi s
of these images shows that the central 10 pe of this soviree is not significantly
a (fected by free-frec absorption, eventhoughthe 1111( Jeus Of the galaxy is known
to contain a ncarly edge-on dish of gas and dust. The 121("1{ of detect able
absorption implies that the density of ijonized gas inthe central 10 pe is less
than ~ 10* ™ ®. assuming a temperature ol ~ 1 () "I The brightness of {he
pe-scale jets falls ofl rapidly on bot rsides of the core, sugpesting that the jets
are rapidly expanding during the first several pe of their travel. The rat ¢ of jet
expansion st slow when the internal p ressure falls below that of the external
medium. We suggest that this occurs bet weenabout 1 () and 200" pefromthe
core hecause the rate of decrcase inradio bright ness is far slower > 200 pe {from
the core t hanitis within 1 () pe of the core. The positionangle of theradio axis
in our VLBA images agrees, within the errors, with the position angl ¢ of the
VI.A-scale jets. Thus t hereis 110 evidence for precession of the Jets or orbit al
motion of the com pact object at the base of the jets ontime scales shorter than

the material propagation time from the nucleus to the diffuse radio lobes.

Subject headings: accerction, acceretion disks galaxies: aclive  galaxies:

individual (NGC 4261,  3C270) galaxies: jets - galaxies: nucled




1. Introduction

The radio source 30270 (P s 1216-1 06) associated with the 12 galaxy NGC 4261 is
composed of two symmetric lobes of extended emission 011 opposite sides of the galaxy,
connected by SYIetric lil)c-scale jets toacompactradio source coincident with the optical
nucleus of the galaxy. The compact radio core is arclatively weak VEBIsource (180 mJy
al 1.6 (lll'/,;Jonos,sr"””“k,and'I‘orzianl.‘)SJ ). Thevadio jets extend out approximately -4
arciniy, have opening angles of less than 50 and arce €o- aligned to within 1° alonig position
angle 88¢ (Birkinshaw and Davies 1985). The ratio of jet /count erjetsurface hrightness
within a few arcseconds of the ¢ehitral compact source is only alhout 2:1, indicating that
relativistic heaming effects are not strong 011 kpe scales. Theminor axis positionangle
of thegalaxy remains 69° -2 over a widerange of radii (lLauer 1 9&h), some 1 9 {rom
the radio axis, but the stellar rotation axis is along position angle 153° 1 4 (Davies and.
Birkinshaw 1986) only 6° from the projected major axis of the galaxy. Evidently NGC 4261
is a nearly prolate galaxy whose stellar rotation axis has no relationship with the direction
of the vadio radio jets. NGC 4261 has aliextremely compact optical core compared t o other
galaxics of similar luminosity (Launer 19 85h) and its optical brightness profile Matches that

of thenonisothermal core of M7 ( Lauer 1 985¢).

M éllenhofl and Bender (1 987) discovered a small dust lane in the ceniter of NG (7 4261
which is oriented perpendicular to the radio jets. More recent TIST observations have
revealed that the optical nucleus is SUTOU yded hy a disk of gas and dust 1.7 arcsecin
diamcter whose projected rotation axis is aligned within several degrees of the radio jets
(Jalle, et al 1993;1996). At a distance of 41 Mpe (Faberet al. 1959) the 11 ST disk
diameter is 340 pe. Some authors give distance estimates up to three times smaller than
this, whichiof Coil]’sc wouldreduce the physical size of the 11 ST disk by thesame factor.

The rotationaxis of the 11 ST disk is inclined 64° from our line of sight (Jafle, et al. 1996),



suggesting that the radio axis may be at a similar angle fromour line of sight.

Theapparentinclination of the HST absorption disk and the lalgc-scale (Mollenhofl
and Bender dustlanie) disk differ by about 10°. 1t is likely thatthe HS'T" disk andthe large
scale dust Jane are hoth partof a single warped disk structure (Maliabal et al. 1996). Since
themajor axis of the 11 ST disk is at a positionangle of 16°, which is notorthogonalto
the positionangle of the radio jets, the presumed warp continues into the region close to the
cental black hole. Jafle et al. (1996) point out that the apparent cetiter of the HST disk is

displaced from the optical center of the galaxy (based on isophote fitting ) by at least b pe.

Neutral hydrogen and CO have heen detected in absorpt ion against the radio core by
Jafle and Mce Namara ¢ 1991). Theirmeasurciments indicate that the total mass of gas inthe
HS'T disk is ~ 10° M., which is suflicient to power the radio source for ~ 1 0% years, All of
the above evidence suggests that the radio source is powered hyynaterial ace reting in from
t helarge-scak »dust. disk throughthe HS'T dust disk and eventually onto the (unscen)inner
accretion disk where the radio jet formation takes place within a few Schiwartzschild radii of
a central massive black hole. The acereting material probably caine from a merger between
NGC 426 1 and a smaller gas- rich galaxy. This would explain the apparently unrelated
dynamics hetween the gas and dust in the nuclear disks and the over-all stellar dynamics o f

the galaxy.

We ohserved the nuclear region of NGC 4261 with VLBI to determine the morphology
of the central radio source on parsece scales, and in particular to sce if the inner radio axis
remained in the same direction as the kpescale jets (position angle = 88°) or whether it

was aligned with the apparent rotation axis of the HS'T disk.




2. Observations and Results

We observed NGC 426 for 8.5 hours on Abril 1995 using al - en antennas ol he
NRAO Very Long 3ascline Array. Individual scans of typically 26 minutes duration were
alternated Hetween 1.6 Glz and 8.4 Gllz, We recorded a handwidth of 64 M 1z with single

polarization, and the data were cross-correlated on the V LA correlator.

After cross-correlation the data were read imto A1°S', where standard programs were

used for editing, amplitude calibra jon, and fringe fitting. ’rior to fringe itting the strong

compact radio source 1308 326 was used to derive corrections for phasc slopes across he
frequency channels at both .6 and 8.4 G 1z After fringe fitting the data were averaged over
frequency and exported to the Caltech program Difmap (Shepherd, Pearson, and Taylon
991) for additional editing, sclf-calibration, imaging, and deconvolu don. Only margina
detections were obtained on the longest VLBA Hascelines (to e antennas at Saint Croix

and Mauna Kea) at .6 Gz, but good fringes were found o all ten antennas at 8.4 Gllz.
Our final VLBA images are shown in figures 1-3. Figures T and 2 are the full resolution
images at 1.6 and 8.4 Gz, respectively. At both frequencics the source appears two-sided,

although the extension to he west (the direction of the slightly brighter VLA jet) falls off

omewhat more slowly in brightness than the extension to the cast. In neither image doce
the source appear .o have a one-sided “core-jet” orphology. At a distance of 1 Mo,

milliaresccond (1nas) corresponds to 0.20 He.
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Figure 3 is an nage at 8.4 Gllz which was made by applying a Gaussian taper to the

Al

vis'bility data to match i angular resolution available at 1.6 Gllz. The same ficld of view

and 3 to allow casy comparison

and restoring beam has been used for figure

D .C o PLACE FIGURE 3 2R

A thongh the lower resolution 8.4 Glz image appears slightly less svinmetric than the

full resolution version in figure 2, the source remains hasically two sided

Attenmpls were made to detect more distant emission at bot v 1.6 and 8.1 G 1z using,

n no case did we

Jarger image sizes and tapering the visibility data to favor short bascline
find any cmission significantly nore extended than that shown in figures and 3, although
the range of VELBA basclines would a low ore extended radio structure to be detected.

We conclude hat e brightness of the wo parsee-scale radio jets does drop below oun

noise level very rapidly at both frequencies, and that this is not an artifact of the nnaging

procedure.

)

In referring to the images i figures 13 as symnetric or two-sided, we are inplici v

assining that the central brightness peak is the “core” of the source (the base of the radio

jets). Is there any evidence to support this as amption? We have compared the image

in figures 1 and 3 to determine spectral index distributions for a range of position offscts
selween the two images. Iigure 4 shows the spectra index distribution along the cast-west
axis of he source when the central peaks at bot  {requencies are aligned. Not surprisingly,
the spectral index distribution is also quite synmmetric with an inverted spectrum near the
center and increasingly steep spectra with inereasing distance from the center. It is possible

to offset the 8.4 G 7 peak up to 10-12 mas from the 1.6 GHz peak without aking the




specetra index o > 4 2.5 (using S, o< ), but i s case the spectral index more han = 30
mas from the center becomes extremely steep (o < - 2). We therefore favor a registra jon
in which the orightest peaks in igures 1 and 3 are nearly co-aligned, giving a spectral

index distribution close to that shown n figure 4. In hoth morphology and spectra index

distribution NGC 4261 is very similar to the parsec-scalc source in Ivdra A (" aylor 996).

D10 ACE TH REEA 59
The surface brightness of Hoth the cast and west jets drops ofl rapidly a  both

frequencies. To quantify this, we found that all four hrightness profiles could be well fi

with a power aw of the form (surface brigh ness) o< (distance from peak)”. At 1.6 Gllz the
exponent 2 is - 1.79 for the jet ex ending o the west and -1.95 for he jet extending to he
cast. Although e castern jet fades more rapidly wi h distance from e core, hese values

are quite sinilar. A 8.4 Glz the corresponding exponents are = -3.34 for the western jet

and -4.02 for the castern jet. Again, he castern jet fades more rapidly but both va
arc similar.
The otal flux density of the VLBI structure shown in figures 1 and 2/is 0.20 Jy at

1.6 Gllz and 0.35 Jy at 8.4 GHz. The peak (core) surface hrightness is 0.098 Jy/beam at

1.6 G

and 0.149 Jy/beam at 8.4 Gllz. This corresponds o a srightness temperature

of 3.3 % 1081 at 1.6 Gz and 6.2 x 108K at 8.4 Gl z; these values are Jower Timi s to the

true mightness temperature of the core. The position angles at hoth 1.6 and 8.4 G 17z are

consistent with the 88° position angle of he VLA jets.
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3. Discussion

It is clear from VLA images that hot 1 the cast and west jet in NG C 4261 extend far
bevond the scate of our VLBA images. Therefore. the disappearance o { both jets within a
few tens of mas of the core is not caused by their disruption or “smothering” by a den se
interstellar medinm. 1 is more likely thatthe jets are fading due to adiabatic expansion
(10s(" tothecore. This implies that the external p ressure is less than the internal jet
DUO%s(1L{. At some point the internal pressure in the expanding jets will hecome lower
than the external pressure (which should fall more slowly than & # at large distances),
causing the opening angle of the jets to hereducedand possibly cr(’still: shocks which
could reaccelerate the relativistic clec trons. The result will he a mnch slower decrease in
jet brightness on kpe scales. OQur angular resolution is insuflicient to measure the opening
anigle of the pe-scale jets, but from figure 2 we can getan upper limit of apporoximately 10

for the cast jet, compared with less than 5° 011 Kpe scales.

We can set an upper limiton the free elect ron density in the inner ~ 10 pe of NGC 1261
from the app arent Jack of free-free absorption at 1.6 Gllz. If absorption by an innmer di gk
or torus of ionized gas were significant, wewould (x]) (Ct tosce a muchmorcasymnictric
radio morphology (¢f. 3C81; Vermeulen, Readhicad, and Backer 1994; Walker, Rommney,
and Bensor 1 1994). Since bot 1 cast and west jets are visible out 1o ~ 10 pe with similar
brightness, the optical depth from free-free absorption must he much less than unity.
Assuming a gas temperature of ~ 107K and a path length of 10 pe gives an electron density
< 107 e ® The totalmass of jonized gas implied is < 107 11,,. Happ cars that’ we have
a low density, p resumably hot, inner “bubble” filling the inmer several pe of thenucleus
(within which the radio jets expand rapidly) surrounded by a cool, higher density region

(the ST absorption disk) within which the expansion of the radio jets is nearly halted.

As Bridle and Perley (1984) point out, the central brighitness of an expanding




synchrotron jet decrcases as a diflerent power of distance (or radius) d depending on
whether the jet is doninated by a parallel oriransverse mag netic field. If equipart it ion is
assumed, the jet brightness is proportiona 1o d "1 if o = - 0.65. This is similar to the

exponents found above for hoth jets at 8.4 Gl z (-3.3 and -4.0).

The density of free electrons in the central few pe of NGC 4261 is much Jower than
Levinson, Laor, and Vermeulen ( 1995) find for the central region of NGC 1275 (30°81),
a galaxy for which there is compelling evidence for free-free absorption of radio emission
at. Gllz frequencies from a counterjet by an obscuring disk or torus. lIor the disk model

considered by Levinson, Laor, and Vermeulen the electron density is given by

TRV I VAP IR V AVA PO T

where 7" is the temperature in K, 7 is the path lengh in pe, and Al is the mass of the
presumed central black hole in units of My, Assuming 7' ~ 10K and M ~ 107 for 308/
pives i, w5 (5 x 10%) 731 Levinson, Laor, and Vermenlen also use a Thompson optical

depth constraint to derive an upper limit of v, < (5 x 10”) »= 1 can™?,

Tavlor (1996) presents VIBA images and spectral index maps of the central radio
source m Hydra A which look remarkably similar to those presented in this paper. Taylor
finds evidence for significant (7 > 1) free-free absorption of the radio core in Hydra A at 1.3
Gllz and deduces a value of » 11,2 which is equal 1o the upper himit we find for NGC 4261,
At our lowest {frequency of 1.6 Gllz the free-free absorption deduced by Taylor would have
an optical depth < 1. H the thermal gas density in the nucleus of NGC 4261 is somewhat
smaller than in Hydra A, the effects of free-free absorption would be quite small at our
obscrving frequencies. The neutral hydrogen columm density in front of {he radio core in
NGC 4261 1s approximately 20 times smaller than in Hydra A (Jafle and MeNanara 1994;

Taylor 1996).

NGC 4261 containsan X-ray source whose angular extentis similar to that of  he
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optical galaxy (IFabbiano, Kim, and Trinchicri 1992). Finstein 1PC spectra can be fit with
a power law (IKGm, IFabbiano, and Trinchieri 1992), but a thermal plus power law spectrum
provides the best {it to ROSAT data (Worrall and Birkinshaw 19941). In the thermal
plus power Jaw model the derived neutral hydrogen colummn density in NGC 4261 is quite
small (N < 4 % 10% atoms aan” ?), and the cooling time for gas within the core radius is
estimated 1o he 3.4 x 10Y years, This is shorter than the merger age of (8- 10) x 107 years
estimated by Schweizer and Seitzer (1992), so there may have been time for a cooling flow
to bhegin. Thie angularly unresolved X-ray emission is likely to be mostly nonithermal and
associated with the jnmer radio jet (Worrall and Birkinshaw 1994) hased on the observed

correlation hetween X-ray power law componient and radio core lnminositics,

There is also diffuse X-ray gas in the group containing NG O 4261 which extends

to a radius of at lcast 40 arcmin from NGC 4261 (Davis, ot al. 1995). Birkinshaw and
Worrall (1994) concluded that the X-ray gas confines the kpe-scale radio jets, and that
the jets terminate (flair into the two diffuse lobes) at the point whiere the external pressure
falls below the internal pressurein tH(Cjets. This implies that the flow in the jets is slow
(subsonic) and therefore that the radio sonrce lifetime is at least 10 ¥ years, consistent with
the mierger age of Schiweizer and Seitzer. The position angle of the radio axis in our VIL,BA
images agrees, withinthe errors, with the positionangle of the \'1}\-scale’j(’ts. Thus there
is 110 cvidence for precession of the jets or orbital motion of the compact object atthe
hase of the jets 011 time scales shorter than the material propagation time from the nucleus
to the diffuse radio lobes (3 107 years). This long-term stability implies that the central

comipact. object has avery large angular momentum.
Opticalobservations of the nucleus of NGC 4261 withthe 1IST WI'PC2 indicate that

the jonized gas is concentrat .ed in a region with FWIIM & 23 pe,and HST 17 OS observations

show rotational velocities which implies a centralmass of (1. ? -10.4) X 107 hi,-. (Iord,




«aad Jafle  995). The resulting mass/light ratio (N Hand, corrected for dust

Ferrare

obscuration in the nuclear disk) in the inner 20 pe exceeds 5000 in sola units. ¢ Jargest

{ 1he centra black hole in NGC 4261 is ~ (Y

value yel determ ned ina galactic nucleu

i is unikely aat iowould have aqy detectable orbial motion about a presumably

M,

Jess  1assive sccondary nucleus from a nerger (which could be the cause of the Hosi ional

case

oflsct between the apparent center of he TS1 dust disk and the radio core). Inn

d show alimost all of

he secondary nucleus (and Hserhaps par s of the nuclear gas dis

could also explain the small but significant difference hetween the

he o1 Hita motion. Th

yadio jet position angle and the position angle of the JIST disk rotation axis.

4. Conclusions

We have found that the pe-scale radio source in the nucleus of NGC 4261 is unusually

syimmnetric, and aligned along the same position angle as he larger-scale radio struc ure

imaged with the VLA, The morphology and spectral index distribution of the pe-
source indicates  at free-free absorption is not significant w ain several pe of the radio

core. The surface brightness of bot 1 radio jets decreases very rapidly in both divections from

TR
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the core, which we iterpret as evidence for a large initial opening angle (rapid expansion).

o

AL some distance between about 50 and 500 pe e jet opening angles decrease to the <H

value scen on kpe scales. This should occur when the internal jot pressure falls Helow that

ol the external medium.

We thank David Mcier for several informative discussion  about jet collimation. The
Very Long Bascline Array is sart of the National Radio Astronomy Obscrvatory, which 1s a
facility of he National Science ‘oundation operated by Associated Universities, 1c. under

a coopera ive agreement with the NSF. AW, gratefully acknowledges suppor  from  he




NASA Long Terin Space Astrophysics Program. This rescarch was carried out at the Jet

Propulsion Laboratory, California Institute of Technology, under contract with the National

Acronautics and Space Adnministration.




REFERENCES

Bridle, A. 11., and Perley, R. AL 19831, ARALA, 22,319

Birkinshaw, M., and Davies, R. 1. 1985, ApJ, 291, 32

Birkinshaw, M., and Worrall, 1). 1994, BA AS, 26, 15041

Davies, R. L., and Birkinshaw, M. 1986, ApJ, 303, 1.15

Davis, . 5., Musljotzky, R. 10, Mulchaey, 3. S.. Worrall, . M., Birkinshaw. M.. and
Burstein, 1). 1995, AplJ, 444,582

Iabbiano, G., Kim, D-W., and Trinchieri, C. 1992, ApJ S, 80, 531

Faber, S. M., Wegner, G, Burstein, D., Davies, R. L., Dressler, AL, Lynden-Bell, D, and
Terlevich, R J. 1989, AplS, 69, 763

lord, 11., Ferrarese, L., and Jafle, W. 1995, BA AS, 27,1367

Jafle, w., 101 (1, 1. C. Ferrarese, L., vanden Bosch, 1., and O’Connell, R W. 1 993  Nature,
364, )11

Jalle, W., and McNamara, 13. R, 1994, Apl, 434, 110

Jafle, W, 1#01°(1, 11., 1“Crrar(sC, 1., vandenBosch, 1 > and O "Cormell, RO W 1996, Apd, 460,
214

Jones, DL Sramek, R. AL, and Terzian, Y. 1981, Apl, 246, 28

Kim, D-W/ Tabbiano, G., and Trinchiceri, G. 1992, ApJS, 80, 645

Lauer, ‘. R.198ba, ApJS, 57, 473

Lauer, ‘7. R.1985h, MNRAS, 216, 129

Lauer, 1. R 1985¢, Apd, 292, 101

Levinson, AL, Laor, AL, and Vermeulen, R. C. 1995, Apd, 448, 589




141

Mahabal A Kembhavi, A., Singh, K. ., Bhat, . N, and rabhu, T 20 1996, Apd 457

NJCp

Mollenholl, ¢ :nd 3ender, ¥ 987, ALAL 174 63
Schweizer, F., and Sei zer, P 992 AJ, 104, 1039

Shepherd, ~ ., Pearson, 1. J and Taylor, G 994, BAAS, 26, 987

r

Laylor, G 3. 1996, ApJ, in press
Vermeulen, R. (., Readhead, A C. S, and Backer ) € 1994, A, 130, 14

Walker, 1. C., Rommey, J. ) and Benson,  ~ 991 AplJ 130, Ab

Worral  D. M., and irkiashaw, M. 1994, ApJ), 427, 131

I Ns manuscript was prepared with the AAS WX acros v4.0.




1)

Fig. 1. VLBA image of NGC 4261 at 1.632 Gllz. The contour levels are -0. 5, -0.25, 0.25.
0.5, 1, 2, 4,8, 16, 32, 50, 70, and 95% of the peak surface Lrightness (98.2 1)y /heam). The

restoring beam is 14.70 x 9.1 1 mas with the major axis along position angle 10.5°.

19e. 2 Iall resolution VEBA image of NGC 4261 at 8.387 Gllz. The comtour levels are
-0.25, 0.25, 0.5, 1, 2, 5, 8, 16, 32, 50, 70, and 95% of the peak surface brightness (149.2
mJy/beam). The restoring heam is 2.69 x 1.56 mas with the major axis along position angle

2.2

IMig. 3. Low resolution VI BA image of NGC 4261 at 8.387 Gllz. The contour Jcwvels are
-0).12, -0.06, (.16, 0.12,0.25,0.5,1,2,4,8,1G, 32, 50, 70, and 95% of the peak sill>f:1c(
brightness (288.3 mJy/beam ). For corviparison wit hfigure Ithesame field of view and

restoring heam (14.70 X 9.11 mas, position angle = -10.5%) has been 118(° (1.

Iig. 4. The spectral index o between 1.6 Gz and 8.4 Gllz as a [unction of distance along
the radio axis (PA = 88°). These values were determined by aligning the brightest peak at
both frequencies (see figures 1 and 3). The siall peak about 32 mas cast (right) of the core

is caused by the knot of emission visible in the castern jet at 8.4 Gllz (see figures 2 and 3).
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